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ESynthesis of silver bromide ultra fine-crystalline 

suspensions
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)NTRODUCTION
2ESEARCHES฀ INTO฀THE฀SYNTHESIS฀AND฀PHYSICOCHEMICAL฀PROPERTIES฀OF฀

SILVER฀HALIDE฀CRYSTALS฀HAVE฀BEEN฀UNDERTAKEN฀FOR฀MANY฀YEARS�฀ )N฀TRADI

TIONAL฀PHOTOSENSITIVE฀MATERIALS฀SUCH฀CRYSTALS฀ARE฀USED฀AS฀HIGHLY฀EFFECTIVE฀
LIGHT฀SENSORS�฀AND฀DESPITE฀THE฀RAPID฀DEVELOPMENT฀OF฀DIGITAL฀IMAGE฀RE

CORDING�฀THEY฀HAVE฀REMAINED฀IRREPLACEABLE฀IN฀SOME฀APPLICATIONS฀SUCH฀AS฀
AUTORADIOGRAPHY�฀INDUSTRIAL฀FLAW฀DETECTION฀TECHNIQUES฀OR฀MEDICAL฀DIAG

NOSTIC฀PROCEDURES฀;�
�=	�฀4RADITIONAL฀PHOTOSENSITIVE฀MATERIALS฀CONTAIN฀
HALIDE฀CRYSTALS฀OF฀SIZE฀RANGING฀FROM฀���฀TO฀��฀�M�฀WHILE฀CRYSTALS฀IN฀THE฀
SIZE฀RANGE฀BETWEEN฀��฀AND฀���฀NM฀HAVE฀SO฀FAR฀BEEN฀USED฀ONLY฀IN฀SPE

CIAL฀APPLICATION฀MATERIALS�฀SUCH฀AS฀HOLOGRAPHY�฀MICROELECTRONICS฀AND฀TE
฀
CHNOLOGICAL฀ PHOTOGRAPHY�฀ ฀ 0HOTOSENSITIVE฀ MATERIALS฀ CONTAINING฀ NANO

SIZE฀PARTICLES฀ARE฀KNOWN฀ IN฀BOTH฀SCIENCE฀AND฀ LITERATURE฀AS฀,IPPMANN฀
EMULSIONS�฀ ฀4HEY฀ARE฀CHARACTERISED฀BY฀HIGH฀CONTRAST�฀HIGH฀RESOLUTION฀
AND฀ IMAGE฀ SHARPNESS�฀ WHILE฀ RETAINING฀ LOW฀ GENERAL฀ PHOTOSENSITIVITY�฀
WHICH฀IN฀TURN฀RESULTS฀IN฀LOW฀GRANULARITY�

2ECENTLY฀OBSERVED฀ INCREASING฀ INTEREST฀ IN฀THIS฀TYPE฀OF฀CRYSTALS฀ IS฀A฀
RESULT฀OF฀UNIQUE฀PROPERTIES�฀INCLUDING฀OPTICAL�฀ELECTRICAL�฀MECHANICAL฀AND฀
OTHERS�฀ SILVER฀HALIDE฀NANOCRYSTALS฀POSSESS฀ ;�
�=	�฀&URTHERMORE�฀ SILVER฀
HALIDE฀NANOCRYSTALS฀ARE฀A฀USEFUL฀SUBSTRATE฀IN฀SYNTHESISING฀OF฀NANOSTRUC

TURAL฀ SILVER�฀ EITHER฀ BY฀ USING฀ MILD฀ REDUCTION฀ OR฀ SPECTRALLY฀ SENSIBILISED฀
CRYSTAL฀PHOTOLYSIS�฀RESULTING฀IN฀METALLIC฀SILVER฀CHARACTERISED฀BY฀COLLOIDAL฀
OR฀NANOCOLLOIDAL฀DISPERSION�฀4HEREFORE�฀PARTICLE฀SIZE฀DISTRIBUTION฀PRO
฀
PERTIES฀OF฀ULTRA฀FINE
CRYSTALLINE฀SILVER฀BROMIDE฀SUSPENSIONS฀PLAY฀A฀PIVOTAL฀
ROLE฀IN฀THE฀SUITABILITY฀OF฀SUCH฀SUSPENSIONS฀AS฀SUBSTRATES฀FOR฀PRODUCING฀
NANOSTRUCTURAL฀SILVER�฀ESPECIALLY฀WHEN฀OBTAINED฀AS฀HIGHLY฀CONCENTRATED�฀
PREFERABLY฀ MONODISPERSIVE฀ SOLS�฀ CONTAINING฀ A฀ NON
TOXIC฀ CONTINUOUS฀
PHASE�฀&URTHER฀DESCRIPTIONS฀OF฀SYNTHESIS�฀PROPERTIES฀AND฀APPLICATIONS฀
OF฀NANOSTRUCTURAL฀ SILVER฀ CAN฀BE฀ FOUND฀ IN฀NUMEROUS฀ SCIENTIFIC฀ AND฀ TE
฀
CHNOLOGICAL฀PUBLICATIONS฀;�
��=	�

4HE฀MAIN฀OBJECTIVE฀OF฀THE฀PLANNED฀RESEARCH฀HAS฀BEEN฀DETERMINING฀
CONDITIONS฀ REQUIRED฀ FOR฀ PREPARATION฀ OF฀ HIGHLY฀ CONCENTRATED฀ SUSPEN

SIONS฀OF฀SILVER฀BROMIDE฀CRYSTALS�฀CHARACTERISED฀BY฀CONTAINING฀CRYSTALS฀OF฀
SIZE฀NO฀LARGER฀THAN฀���฀NM�฀2ESEARCH฀WAS฀CONDUCTED฀USING฀A฀METHOD฀
FOR฀PRODUCING฀ULTRA฀FINE฀CRYSTALLINE฀SUSPENSIONS฀OF฀SILVER฀HALIDES฀AS฀DE

SCRIBED฀IN฀;��
��=�฀APPROPRIATELY฀MODIFIED฀AND฀OPTIMISED฀FOR฀OBTAINING฀
SILVER฀BROMIDE฀CRYSTALS฀AS฀SMALL฀AS฀POSSIBLE฀;��=�

%XPERIMENTAL฀PART
#RYSTALLINE฀SILVER฀BROMIDE฀SUSPENSIONS฀WERE฀PREPARED฀IN฀WATER฀SO


LUTIONS฀OF฀PHOTOGRAPHIC฀GELATINE฀s฀A฀NATURAL฀PROTECTIVE฀COLLOID�฀STRONGLY฀
IMPEDING฀SILVER฀HALIDE฀CRYSTALS฀FORMATION�฀4HE฀DEGREE฀OF฀CRYSTALS฀FOR

MATION฀RETARDANCE�฀DESCRIBED฀BY฀02฀VALUE฀ �0HYSICAL฀2ETARDANCE	�฀ CAN฀
BE฀DETERMINED฀USING฀0!')฀-%4(/$฀STANDARDS฀;��=�฀7HEN฀APPLIED฀TO฀
,IPPMANN฀SUSPENSIONS�฀02฀VALUE฀ SHOULD฀NOT฀EXCEED฀���฀4O฀PRODUCE฀
THE฀SMALLEST฀POSSIBLE�฀THERMODYNAMICALLY฀STABLE฀CRYSTAL฀SEEDS�฀SYNTHE

SIS฀WAS฀CONDUCTED฀AT฀OPTIMAL฀LOW฀TEMPERATURE฀;��=�฀SET฀AT฀��/#�฀4HE฀
REACTION฀ VESSEL฀ WAS฀ EQUIPPED฀ WITH฀ A฀ POTENTIOMETRIC฀ MEASUREMENT฀
SYSTEM�฀ALLOWING฀FOR฀MEASURING฀AND฀RECORDING฀OF฀BROMIDE฀IONS฀ACTIVITY฀
CHANGES฀DURING฀ THE฀PROCESS�฀!฀SPECTOPHOTOMETRIC฀ IMMERSED฀PROBE�฀
WITH฀A฀LIGHT฀PATHWAY฀OF฀�฀MM�฀WAS฀INSTALLED฀BESIDES฀THE฀POTENTIOMETRIC฀
ELECTRODES�฀WHICH฀ALLOWED฀FOR฀DIRECT฀MEASUREMENTS฀OF฀SPECTRAL฀INFLU

ENCE฀ ON฀ SOLUTION฀ TURBIDITY฀ DURING฀ THE฀ COURSE฀ OF฀ THE฀ SYNTHESIS�฀ 3UCH฀
MEASUREMENTS฀ALLOW฀THE฀ANALYSIS฀OF฀VARIOUS฀PHENOMENA฀DURING฀THE฀SYN


THESIS�฀I�E�฀CRYSTAL฀SEEDING�฀/STWALD฀RECRYSTALLISATION฀AND฀SILVER฀BROMIDE฀
CRYSTALS฀GROWTH�฀-EASUREMENTS฀CONCERNING฀THE฀INFLUENCE฀OF฀SUBSTRATE฀
DOSING฀ SPEED฀ INTO฀ THE฀ DISPERSIVE฀ SOLUTION฀ ON฀ SIZE฀ OF฀ SILVER฀ BROMIDE฀
CRYSTALS฀WERE฀UNDERTAKEN฀IN฀THE฀SAME฀SET฀OF฀EXPERIMENTAL฀CONDITIONS�฀
$OSING฀SPEED฀WAS฀REGULATED฀BY฀MODIFICATION฀OF฀MOLAR฀CONCENTRATIONS฀
OF฀SILVER฀NITRATE฀�!G./�	฀AND฀POTASSIUM฀BROMIDE฀�+"R	฀IN฀THE฀SOLUTIONS�฀
2EACTANT฀CONCENTRATIONS฀WERE฀VARIED฀IN฀RANGE฀OF฀���฀TO฀���฀MOL�DM��

0RECIPITATION฀ OF฀ SUSPENSIONS฀ WAS฀ CONDUCTED฀ USING฀ A฀ MECHANISM฀
DESCRIBED฀BY฀&IGURE฀��฀WHICH฀SHOWS฀A฀SCHEMATIC฀SYSTEM฀OF฀ALTERNATE฀
REACTANT฀INTRODUCTION฀INTO฀THE฀DISPERSIVE฀SOLUTION�฀���฀CM�฀OF฀INTENSELY฀
STIRRED฀ ��฀ �WEIGHT	฀ GELATINE฀ SOLUTION฀ �SOL�฀ ��฀ &IG�฀ �	�฀ PRESENT฀ IN฀ THE฀
REACTION฀VESSEL�฀WAS฀INTRODUCED฀ALTERNATELY฀AT฀��฀MINUTES฀INTERVALS฀WITH฀
��฀CM�฀OF฀SILVER฀NITRATE฀SOLUTION฀�SOL�฀��฀&IG�฀�	฀AND฀POTASSIUM฀BROMIDE฀
�SOL�฀��฀&IG�฀�	�฀4HE฀PROCESS฀OF฀PRECIPITATION฀WAS฀CARRIED฀OUT฀THROUGHOUT฀
��฀CYCLES�฀A฀SINGLE฀CYCLE฀BEING฀THE฀INTRODUCTION฀OF฀A฀SINGLE฀DOSE฀OF฀SILVER฀
NITRATE฀SOLUTION฀AND฀POTASSIUM฀BROMIDE฀SOLUTION฀EACH�฀!FTER฀FINISHING฀
EACH฀FULL฀CYCLE฀OF฀DOSING�฀BEFORE฀BEGINNING฀THE฀NEXT�฀THE฀CRYSTALLINE฀SY
฀

STEM฀WAS฀SET฀ASIDE฀FOR฀APPROXIMATELY฀�฀S฀TO฀ALLOW฀HOMOGENISATION฀AND฀
STABILISATION฀OF฀PHYSICOCHEMICAL฀CONDITIONS฀THROUGHOUT฀THE฀WHOLE฀REA
฀
CTION฀VESSEL�฀4HE฀OVERALL฀TIMESPAN฀OF฀A฀PROPERLY฀CARRIED฀OUT฀PRECIPITA

TION฀DID฀NOT�฀IN฀GENERAL�฀EXCEED฀�����฀MIN�฀4OWARDS฀THE฀END฀OF฀PRECIPI

TATION�฀EXCESS฀BROMIDE฀ION฀CONCENTRATION฀WAS฀STABILISED�฀SETTING฀THEIR฀
ACTIVITY฀AT฀P"R�����฀THE฀SUSPENSION฀WAS฀FURTHER฀STABILISED฀BY฀ADDITION฀OF฀
GELATINE฀IN฀AN฀AMOUNT฀ENSURING฀ITS฀FINAL฀CONCENTRATION฀AS฀�฀G฀PER฀���฀CM�฀
OF฀SUSPENSION�฀!FTERWARDS฀THE฀SUSPENSION฀WAS฀DIVIDED฀INTO฀TWO฀EQUAL฀
PARTS฀AND฀COOLED฀ TO฀ FORM฀A฀PERMANENT฀GEL฀ STRUCTURE�฀/NE฀PART฀WAS฀
STORED฀AT฀�/#�฀WHILE฀THE฀SECOND฀WAS฀GROUND฀MECHANICALLY฀AND฀WASHED฀
OUT฀WITH฀COLD�฀CLEAN฀WATER฀TO฀REMOVE฀EXCESS฀SALTS฀PRESENT฀IN฀THE฀GEL�฀
4HE฀ EXTENT฀ OF฀ PURIFICATION฀ WAS฀ CONTROLLED฀ BY฀ USING฀ A฀ SALINITY฀ METER�฀
7ASHING฀WAS฀STOPPED฀AFTER฀OBTAINING฀SALINITY฀LOWER฀THAN฀��฀PPM�฀4HE฀
NEXT฀STEP฀WAS฀WASHING฀THE฀GEL฀A฀NUMBER฀OF฀TIMES฀USING฀DISTILLED฀WATER฀
CONTAINING฀POTASSIUM฀BROMIDE฀AT฀����⋅��
�฀MOL�DM�฀�P"R����	�฀!FTER฀
SALINITY฀HAS฀BEEN฀STABILISED฀WITH฀BROMIDE฀ IONS�฀EXCESS฀WATER฀WAS฀RE

MOVED฀AND฀THE฀GEL฀WAS฀MOLTEN฀AND฀HOMOGENISED฀AT฀��/#�฀!FTER฀BEING฀
COOLED฀DOWN฀AGAIN�฀IT฀WAS฀STORED฀AT฀THE฀SAME฀TEMPERATURE฀AS฀THE฀NON

PURIFIED฀GEL�฀!FTER฀A฀NUMBER฀OF฀DAYS฀IN฀STORAGE�฀BOTH฀GELSo฀TURBIDITIES฀
WERE฀ANALYSED฀TO฀ASSESS฀THE฀INFLUENCE฀OF฀/STWALD฀RECRYSTALLISATION฀ON฀
SILVER฀BROMIDE฀CRYSTALS฀SIZE฀GROWTH�฀IN฀CONDITIONS฀ASSOCIATED฀WITH฀HIGH฀
POST
REACTIVE฀SALINITY฀ �UNPURIFIED฀PART	฀AND฀ IN฀CONDITIONS฀OF฀OPTIMALLY฀
LOWEST฀SILVER฀BROMIDE฀SOLUBILITY฀IN฀WATER฀�PURIFIED฀PART	�

&IG฀��฀3CHEME฀OF฀PREPARING฀OF฀ULTRA
FINE฀SILVER฀BROMIDE฀CRYSTALS฀฀
SUSPENSION�฀SO
CALLED฀THE฀,IPPMANNoS฀EMULSION
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&IGURE฀�฀ILLUSTRATES฀AN฀EXAMPLE฀OF฀CHANGING฀BROMIDE฀IONS฀ACTIVITY�฀
RECORDED฀DURING฀PRECIPITATION฀OF฀A฀SUSPENSION฀OF฀SILVER฀BROMIDE฀CRYS

TALS�฀FROM฀SOLUTIONS฀OF฀REACTANTS฀OF฀���฀MOL�DM�฀CONCENTRATION�฀!LMOST฀
EVEN฀FLUCTUATIONS฀IN฀EXTREMES฀OF฀THE฀ACTIVITY฀FUNCTION�฀CORRESPONDING฀TO฀
CONCENTRATION฀OF฀EXCESS฀BROMIDE฀IONS�฀LET฀US฀CONCLUDE�฀THAT฀EACH฀CON

SEQUENT฀REAGENT฀DOSING฀CYCLE฀RESULTED฀IN฀SEEDING฀OF฀A฀NEW฀CRYSTALLINE฀
PHASE�฀IN฀CONDITIONS฀OF฀VERY฀SIMILAR฀SUPERSATURATION฀AND฀CONCENTRATION฀
OF฀EXCESS฀BROMIDE�฀4HE฀CLEARLY฀APPARENT฀DROP฀IN฀BROMIDE฀ION฀ACTIVITY฀
MAXIMUM฀AND฀THE฀SMALL�฀ALBEIT฀VISIBLE฀INCREASE฀IN฀ACTIVITY฀AT฀THE฀FLUC

TUATION฀MINIMUM฀RESULTS฀FROM฀SYSTEMATIC฀INCREASE฀IN฀IONIC฀STRENGTH฀OF฀
THE฀CRYSTALLISING฀MIXTURE฀DURING฀THE฀COURSE฀OF฀THE฀WHOLE฀CRYSTALLISATION฀
PROCESS�

)NCREASING฀IONIC฀STRENGTH฀RESULTS฀IN฀LOWERING฀OF฀THE฀ACTIVITY฀OF฀IONS฀
PRESENT฀IN฀THE฀MIXTURE�฀WHICH฀
DUE฀TO฀THE฀SOLUBILITY฀CONSTANT
฀RESULTS฀
IN฀ INCREASING฀ SILVER฀ BROMIDE฀ SOLUBILITY฀ �SALT฀ EFFECT	�฀ 3UCH฀ PHENOMENA฀
INDUCE฀ SEEDING฀ AND฀ RECRYSTALLISATION฀OF฀ A฀NEW฀PHASE�฀ FORMING฀DURING฀
CONSEQUENT฀DOSING�฀WHICH฀IN฀TURN฀MANIFESTS฀AS�฀AMONG฀OTHERS�฀A฀SMALL�฀
ALBEIT฀ CONSISTENT฀ CRYSTAL฀ GROWTH�฀ &IGURE฀�฀ SHOWS฀ THEORETICALLY฀ CALCU

LATED฀FLUCTUATIONS฀IN฀BROMIDE฀IONS฀ACTIVITY฀DURING฀SYNTHESIS฀OF฀SILVER฀BRO

MIDE฀CRYSTALS฀SUSPENSION�฀IN฀THEORETICAL฀CONDITIONS฀IDENTICAL฀TO฀THOSE�฀
FOR฀WHICH฀REAL฀ACTIVITY฀CHANGES฀WERE฀REGISTERED฀�&IG�฀�	�

%NSURING฀CONSISTENT฀CONDITIONS฀FOR฀SEEDING฀AND฀RECRYSTALLISATION฀OF฀
THE฀NEWLY฀EMERGED฀PHASE฀IN฀SUBSEQUENT฀DOSING฀CYCLES�฀IS฀ESSENTIAL฀IN฀
PRODUCING฀HIGHLY฀HOMOGENEOUS฀SILVER฀HALIDE฀CRYSTALS฀SUSPENSIONS�฀AND�฀
EVEN฀MORE฀SO�฀FOR฀FINE฀CRYSTALS฀SUSPENSIONS�฀%VALUATION฀OF฀BROMIDE฀IONS฀
ACTIVITY฀ IN฀SEVERAL฀EXPERIMENTAL฀SUSPENSION฀SYNTHESES�฀USING฀REACTANT฀
SOLUTIONS฀OF฀VARIOUS฀CONCENTRATIONS�฀AND฀COMPARING฀EXPERIMENTAL฀DATA฀
WITH฀THEORETICAL฀CALCULATION฀RESULTS�฀CONFIRMED฀THAT฀BOTH฀THE฀THEORETICAL฀
ASSUMPTIONS฀PERTAINING฀TO฀THE฀SYNTHESIS฀SCHEME�฀AS฀WELL฀AS฀THE฀REACTION฀
METHOD฀WERE฀CORRECT�฀ )T฀CAN฀BE฀THEREFORE฀CONCLUDED�฀THAT฀SYNTHETIC฀
METHODS฀USED฀ IN฀THIS฀WORK฀ FOR฀SYNTHESISING฀ULTRA฀ FINE
CRYSTALLINE฀SUS

PENSIONS฀OF฀SILVER฀BROMIDE�฀NAMELY฀CYCLIC�฀PRECISE฀DOSING฀OF฀REACTANT฀
SOLUTIONS฀ INTO฀ THE฀DISPERSIVE฀SOLUTION฀OF฀KNOWN฀VOLUME฀AND฀GELATINE฀
CONCENTRATION�฀FULFIL฀THE฀REQUIRED฀CRITERIA฀AND฀MAY฀BE฀USED฀TO฀CONDUCT฀
RESEARCH฀AS฀PLANNED�

,ABORATORY฀EXPERIMENTS฀WERE฀BASED฀ON฀PREPARING฀A฀SET฀OF฀EIGHT฀
,IPPMANN฀SUSPENSIONS฀AND฀EVALUATING฀THE฀INFLUENCE฀OF฀CRYSTALLISING฀MASS฀
INTRODUCTION฀SPEED฀INTO฀THE฀REACTING฀MIXTURE�฀ON฀THE฀AVERAGE฀SIZE฀OF฀
CRYSTALS฀ FORMED฀ IN฀ THE฀ FINAL฀ STAGES฀OF฀ SUSPENSION฀ SYNTHESIS฀ �AFTER฀ THE฀
��TH฀CYCLE	�฀3YNTHESISING฀SUCH฀SUSPENSIONS฀REQUIRED฀THE฀USE฀OF฀WATER฀
SOLUTIONS฀ OF฀ SILVER฀ NITRATE฀ �!G./�	฀ AND฀ POTASSIUM฀ BROMIDE฀ �+"R	฀ IN฀
THE฀FOLLOWING฀CONCENTRATIONS�฀����฀����฀����฀����฀����฀����฀���฀AND฀���฀
MOL�DM��฀ !DDITIONALLY฀ IN฀ EACH฀ EXPERIMENT�฀ CHANGES฀ IN฀ CURRENT฀ SILVER฀
BROMIDE฀CRYSTALS฀SIZE฀WERE฀RECORDED�฀IN฀EACH฀SUBSEQUENT฀DOSING฀CYCLE�฀
USING฀ TURBIDITY฀MEASUREMENTS฀OF฀ THE฀ CRYSTALLISING฀ SOLUTION฀ REGISTERED฀
DURING฀THE฀SYNTHETIC฀PROCESS�฀&URTHER฀WORK฀PRESENTS฀RESULTS฀OF฀ANALYSES฀

CARRIED฀OUT฀ON฀A฀SUSPENSION฀PREPARED฀USING฀SOLUTIONS฀OF฀CONCENTRATIONS฀
EQUAL฀TO฀���฀MOL�DM��

4HE฀SIZE฀OF฀SILVER฀BROMIDE฀CRYSTALS฀WERE฀DETERMINED฀BY฀TURBIDITY฀
MEASUREMENTS฀USING฀TWO฀METHODS�฀4HE฀FIRST฀METHOD฀INVOLVED฀MEASUR

ING฀REAL
TIME฀SPECTRAL฀CHANGES฀IN฀TURBIDITY฀OF฀THE฀CRYSTALLISING฀MEDIUM�฀
FOR฀WAVELENGTHS�฀����฀����฀���฀AND฀���฀NM฀AND฀EVALUATING฀VALUES฀OF฀
SPECIFIC฀TURBIDITY฀AFTER฀EACH฀DOSING฀CYCLE�฀4HE฀AVERAGE฀DIAMETER฀OF฀COL

LOIDAL฀PARTICLES฀WAS฀THEN฀CALCULATED฀USING฀2AYLEIGH฀EQUATION�฀4HE฀SECOND฀
METHOD฀OF฀MEASUREMENTS฀WAS฀BASED฀ON฀THE฀CONCENTRATION฀METHOD�฀
USING฀SAMPLES฀OF฀THE฀SUSPENSION฀TAKEN฀AFTER฀��฀��฀AND฀��฀CYCLES฀OF฀RE

ACTANT฀DOSING�฀4O฀ASCERTAIN฀SILVER฀BROMIDE฀CRYSTALS฀SIZE�฀SPECTRAL฀TURBI
฀
DITY฀DEPENDENCE฀ON฀CONCENTRATION฀WAS฀PREPARED฀FOR฀EACH฀SAMPLE�฀AND฀
THE฀RESULTS฀OBTAINED฀WERE฀USED฀TO฀CALCULATE฀SPECIFIC฀TURBIDITY�฀WHICH฀IN฀
TURN฀ALLOWED฀FOR฀THE฀CALCULATIONS฀OF฀AVERAGE฀CRYSTALS฀DIAMETER�฀!VERAGE฀
PARTICLE฀DIAMETER฀OBTAINED฀IN฀THIS฀MANNER฀WAS฀THEN฀USED฀TO฀CALCULATE฀
LENGTH฀OF฀A฀CUBE฀EDGE฀�D�	฀�DURING฀SYNTHESIS฀OF฀,IPPMANN฀SUSPENSIONS฀
CUBIC฀CRYSTALS฀OF฀SILVER฀BROMIDE฀ARE฀FORMED	�฀4O฀REMOVE฀THE฀INFLUENCE฀
OF฀SELF
ABSORPTION฀ON฀MEASUREMENTS฀OF฀SILVER฀BROMIDE฀CRYSTALS฀SIZE฀BY฀
TURBIDITY฀MEASUREMENTS�฀CALCULATIONS฀WERE฀MADE฀USING฀DATA฀RECORDED฀
AT฀WAVELENGTH฀OF฀���฀NM�฀THEREFORE฀FAR฀FROM฀THE฀SILVER฀BROMIDE฀SELF

ABSORPTION฀WAVELENGTH฀OF฀���฀NM�

5SING฀ THE฀ FIRST฀METHOD�฀ THE฀ CURVES฀OF฀ CHANGES฀ IN฀ TURBIDITY�฀ REGI
฀
STERED฀WHILE฀OBTAINING฀SUSPENSIONS�฀WERE฀PLOTTED�฀IN฀WAVELENGTH฀RANGE฀
OF฀���฀TO฀���฀NM�฀!N฀EXAMPLE฀OF฀SUCH฀DEPENDENCE�฀DETERMINED฀FOR฀
A฀ SYNTHESIS฀USING฀ REAGENTS฀���฀MOL�DM�฀ CONCENTRATIONS�฀ IS฀ SHOWN฀ON฀
&IGURE฀��฀!S฀IT฀WAS฀PREVIOUSLY฀MENTIONED�฀A฀SINGLE฀DOSING฀CYCLE฀REFERS฀
TO฀INTRODUCING฀��฀CM�฀OF฀SILVER฀NITRATE฀�!G./�	฀SOLUTION�฀AND฀��฀CM�฀
POTASSIUM฀BROMIDE฀�+"R	฀SOLUTION�฀)N฀THE฀INITIAL฀STAGES฀OF฀SYNTHESIS฀THER

MODYNAMICALLY฀UNSTABLE฀CRYSTAL฀SEEDS฀FORM�฀WHICH฀UNDER฀THE฀INFLUENCE฀
ON฀RAPID�฀ALTERNATING฀CHANGES฀IN฀REAGENT฀CONCENTRATIONS�฀DISSOLVE฀AND฀
REFORM฀ALTERNATELY�฀$URING฀SUBSEQUENT฀DOSING฀CYCLES�฀SUPERSATURATION฀
OF฀ THE฀SOLUTION฀REACHES฀AN฀ADVANTAGEOUS฀VALUE�฀WHICH฀ FAVOURS฀STABLE฀
CRYSTAL฀SEEDS฀FORMATION�฀3UCH฀CRYSTAL฀SEEDS฀GROW฀TO฀A฀SIZE฀DETERMINED฀
BY฀THE฀CURRENT฀VALUE฀OF฀SUPERSATURATION฀AND฀BROMIDE฀ION฀CONCENTRA

TION�฀)N฀THE฀EXAMPLE฀�&IG�฀�	�฀NEW฀PHASE฀SEEDING฀AND฀/STWALD฀RECRYSTAL

LISATION฀CAN฀BE฀OBSERVED฀AFTER฀THE฀THIRD฀REAGENT฀DOSING฀CYCLE�฀

!฀CONSISTENT฀INCREASE฀IN฀TURBIDITY฀OF฀CRYSTALLISATION฀MIXTURE�฀SYSTEMA

TICALLY฀IN฀EACH฀DOSING฀CYCLE�฀STARTING฀AT฀CYCLE฀�฀AND฀UP฀TO฀THE฀END฀OF฀SYN

THESIS฀AT฀CYCLE฀���฀PROVES฀THE฀THESIS฀RIGHT�฀&IGURE฀�฀SHOWS฀FLUCTUATIONS฀
IN฀TURBIDITY฀OF฀THE฀CRYSTALLISATION฀MIXTURE�฀EVALUATED฀FOR฀A฀WAVELENGTH฀
EQUAL฀TO฀���฀NM�฀

&LUCTUATION฀ MAXIMA฀ OF฀ THE฀ TURBIDITY฀ FUNCTION฀ CORRESPOND฀ TO฀ THE฀฀
EXACT฀MOMENT฀OF฀INTRODUCING฀A฀PORTION฀OF฀SILVER฀NITRATE฀�!G./�	฀SOLUTION�฀
WHILE฀ THE฀ FUNCTION฀MINIMA฀CORRESPOND฀ TO฀ INTRODUCTION฀OF฀POTASSIUM฀
BROMIDE฀�+"R	฀SOLUTION�฀"Y฀ INTRODUCTION฀OF฀+"R฀ INTO฀THE฀CRYSTALLISING฀
MIXTURE�฀ FREE฀ BROMIDE฀ IONS฀ CONCENTRATION฀ INCREASES�฀ WHICH฀ IN฀ TURN฀

&IG�฀��฀!N฀EXAMPLE฀OF฀CHANGING฀BROMIDE฀IONS฀ACTIVITY�฀RECORDED฀DURING฀
PRECIPITATION฀OF฀A฀SUSPENSION฀OF฀SILVER฀BROMIDE฀CRYSTALS�฀FROM฀SOLUTIONS฀
OF฀REACTANTS฀OF฀���฀MOL�DM�฀CONCENTRATION�฀4HE฀PROCESS฀OF฀PRECIPITA


TION฀WAS฀CARRIED฀OUT฀THROUGHOUT฀��฀CYCLES

&IG�฀��฀4HEORETICALLY฀CALCULATED฀FLUCTUATIONS฀IN฀BROMIDE฀IONS฀ACTIVITY฀
DURING฀SYNTHESIS฀OF฀SILVER฀BROMIDE฀CRYSTALS฀SUSPENSION�฀FROM฀SOLUTIONS฀
OF฀REACTANTS฀OF฀���฀MOL�DM�฀CONCENTRATION�฀4HE฀PROCESS฀OF฀SYNTHESIS฀

WAS฀CARRIED฀OUT฀THROUGHOUT฀��฀CYCLES
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INCREASES฀THE฀SOLUBILITY฀OF฀SILVER฀BROMIDE฀�!G"R	฀AND฀SMALLER฀CRYSTALS฀
DISSOLVE�฀$UE฀TO฀THESE฀PROCESSES�฀THE฀OVERALL฀NUMBER฀OF฀CRYSTALS฀DE

CREASES�฀WHICH฀RESULTS฀IN฀LOWER฀TURBIDITY฀VALUE฀RECORDED�฀WHICH฀CAN฀BE฀
CLEARLY฀SEEN฀ON฀THE฀GRAPHS฀�&IG�฀�฀AND฀�	�

2EINTRODUCTION฀OF฀SILVER฀NITRATE฀�!G./�	฀SOLUTION฀PORTION�฀INTO฀THE฀
CRYSTALLISING฀MIXTURE�฀RESULTS฀IN฀APPEARANCE฀OF฀A฀NEW�฀THERMODYNAMI

CALLY฀UNSTABLE฀PHASE�฀ABLE฀TO฀RECRYSTALLISE฀AND฀DEPOSIT฀SILVER฀BROMIDE฀
ONTO฀LARGER�฀THERMODYNAMICALLY฀STABLE฀CRYSTALS�฀4HE฀OVERALL฀NUMBER฀OF฀
CRYSTALS฀THUS฀INCREASES�฀RESULTING฀IN฀INCREASING฀TURBIDITY฀VALUE�฀$UE฀TO฀
THE฀CONDITIONS฀OF฀ALTERNATE฀REACTANT฀INTRODUCTION฀BEING฀PREFERENTIAL฀FOR฀
/STWALD฀RECRYSTALLISATION�฀�&IG�฀�	�฀EACH฀DOSING฀CYCLE฀STABILISES฀THE฀SIZE฀
AND฀NUMBER฀OF฀CRYSTALS�฀"OTH฀CRYSTALS฀SIZE฀AND฀COUNT฀INCREASE฀PROPOR

TIONATELY฀TO฀TIME฀DURATION฀OF฀SYNTHESIS�฀EXPRESSED฀AS฀UNDERTAKING฀CON

SECUTIVE฀DOSING฀CYCLES�฀3UCH฀A฀CONCLUSION฀IS฀CONFIRMED฀BY฀THE฀PREDICTED฀
DEPENDENCE฀OF฀MIXTURE฀TURBIDITY฀AND฀SYNTHESIS฀TIME�฀DETERMINED฀WITH฀
GOOD฀LINEAR฀CORRELATION�฀FOR฀λ����฀NM฀AND฀PLOTTED฀ALONG฀WITH฀TURBIDITY฀
FLUCTUATIONS฀ON฀&IG�฀��฀4HE฀RELATION฀WAS฀DETERMINED฀AT฀TURBIDITY฀FLUCTUA

TION฀MINIMUM�฀AFTER฀COMPLETING฀EACH฀FULL฀DOSING฀CYCLE�฀4HESE฀MINIMA฀
CORRESPOND฀ TO฀ INSTANTANEOUS�฀ TEMPORARILY฀ CONSTANT฀ PHYSICOCHEMICAL฀
CONDITIONS฀ FOR฀/STWALD฀RECRYSTALLISATION�฀ IN฀WHICH฀CRYSTALS฀COUNT฀AND฀
SIZE฀VARIES฀IN฀THE฀DISPERSIVE฀MIXTURE�฀)N฀THE฀COURSE฀OF฀THE฀EXPERIMENT�฀
THE฀�฀SECOND฀LONG฀INTERVALS฀SEPARATING฀CONSECUTIVE฀DOSING฀CYCLES฀WERE฀
INTENTIONALLY฀ADDED�฀TO฀DOCUMENT฀THE฀SUCCESSIVE฀STAGES฀OF฀CRYSTAL฀SIZE฀
AND฀COUNT฀STABILISATION�฀WHICH฀TAKE฀PLACE฀AFTER฀EACH฀DOSING฀CYCLE�

2AYLEIGH฀SCATTERING฀THEORY฀APPLIES�฀BY฀DESIGN�฀�E�G�฀฀;��
��=	฀TO฀COL

LOIDS฀CONTAINING฀SPHERICAL�฀NON
ABSORBING฀PARTICLES�฀THE฀SIZE฀OF฀WHICH฀IS฀
SMALLER฀THAN฀THE฀SCATTERED฀WAVELENGTH฀AT฀LEAST฀BY฀A฀FACTOR฀OF฀���฀"Y฀THIS฀

THEOREM�฀SPECIFIC฀TURBIDITY฀ �C฀OF฀A฀HETEROGENEOUS฀DISPERSIVE฀SYSTEM�฀
CONTAINING฀PARTICLES฀OF฀SIZE฀D�฀IS฀PROPORTIONAL฀TO฀THE฀INVERSE฀OF฀THE฀FOURTH฀
POWER฀OF฀THE฀SCATTERED฀LIGHT฀WAVELENGTH฀ �฀BY฀EQUATION�฀��	�

��	

WHERE�
C฀s฀PARTICLE฀CONCENTRATION�฀;G�CM�=�
฀s฀WAVELENGTH�฀;CM=�

D฀s฀PARTICLE฀SIZE�฀;CM=�
M฀s฀RELATIVE฀REFRACTIVE฀INDEX�฀EXPRESSING฀THE฀RELATION฀OF฀REFRACTIVE฀

INDEX฀OF฀THE฀DISPERSED฀PHASE฀TO฀THE฀REFRACTIVE฀INDEX฀OF฀THE฀CONTINUOUS฀
PHASE�

�฀s฀REFRACTIVE฀INDEX฀OF฀CONTINUOUS฀PHASE�
฀s฀DENSITY฀OF฀DISPERSED฀PHASE�฀;G�CM�=�

5SING฀THE฀RELATION฀OF฀INSTANTANEOUS฀TURBIDITY฀�&IG�฀�	฀AND฀SUSPEN

SION฀SYNTHESIS฀TIME�฀SPECIFIC฀TURBIDITY฀WAS฀CALCULATED฀AFTER฀EACH฀REACTANT฀
DOSING฀CYCLE�฀5SING฀THE฀OBTAINED฀DATA฀AND฀MODIFIED฀2AYLEIGH฀EQUATION฀
��	�฀IN฀WHICH฀CONSTANTS฀DETERMINED฀AT฀��/#฀FOR฀WAVELENGTH฀ ����฀NM฀
WERE฀USED�฀THE฀SIZE฀OF฀SPHERICAL฀PARTICLES฀FORMING฀IN฀CONSECUTIVE฀CYCLES฀
WAS฀CALCULATED฀�BY฀EQUATION฀�	�

��	

WHERE�
D฀s฀PARTICLE฀DIAMETER�฀;NM=�
�C������������$ �L�-!G"R

L฀s฀DISPERSIVE฀LAYER฀THICKNESS�฀;CM=�
-!G"R฀s฀MOLAR฀MASS฀OF฀SILVER฀BROMIDE�฀�������฀;G=�
4�$����#฀ s฀ GRADIENT฀ OF฀ CONCENTRATION฀ FUNCTION�฀ DETERMINED฀ AT฀

����฀NM�฀IN฀A฀COORDINATE฀SYSTEM฀DESCRIBED฀BY฀OPTICAL฀DENSITY฀$���฀
AND฀MOLAR฀CONCENTRATION฀#�฀;DM��MOL=�

#฀s฀MOLAR฀CONCENTRATION฀OF฀SILVER฀BROMIDE�฀;MOL�DM�=�
$���฀s฀OPTICAL฀DENSITY฀DETERMINED฀FOR฀λ����฀NM�

$ETERMINED฀SPHERICAL฀PARTICLESo฀DIAMETER฀D฀WAS฀USED฀TO฀CALCULATE฀
LENGTH฀OF฀THE฀EDGE฀OF฀A฀CUBE฀D��฀OF฀THE฀SAME฀VOLUME฀;��=฀��	�

��	

฀
)N฀THE฀COURSE฀OF฀CALCULATIONS�฀PARTICLE฀SIZE฀CHANGES฀HAVE฀BEEN฀DETER

MINED฀ �EDGE฀OF฀ CUBE�฀D�	฀ AS฀ A฀ FUNCTION฀OF฀ SYNTHESIS฀ TIME฀ �LINEAR฀DE

PENDENCE฀IN฀A฀SEMI
LOGARITHMIC฀COORDINATE฀SYSTEM�฀&IG�฀�	�฀4HE฀RELA

TION฀THUS฀DETERMINED฀SHOWS฀GOOD฀LINEAR฀CORRELATION฀IN฀RANGE฀OF฀DOSING฀
CYCLES฀�
��฀�2��������	฀AND฀CAN฀BE฀EXPRESSED฀BY฀A฀ LINEAR฀EQUATION฀
��	�

��	฀

4O฀ENSURE฀THAT฀THE฀CALCULATED฀VALUES฀OF฀CRYSTALS฀SIZE฀WERE฀CORRECT฀A฀
SERIES฀OF฀TESTS฀WERE฀RUN฀BASED฀ON฀THE฀SECOND฀MENTIONED฀METHOD�฀US

ING฀CONCENTRATION฀METHOD�฀3AMPLES฀TAKEN฀AT฀CYCLES฀��฀��฀AND฀��฀WERE฀
DILUTED฀WITH฀DISTILLED฀WATER฀AND฀THEIR฀SPECTRAL฀TURBIDITY฀DEPENDENCES฀
WERE฀RECORDED�฀!N฀EXAMPLE฀OF฀THE฀OBTAINED฀TURBIDITY฀ON฀WAVELENGTH฀
DEPENDENCE฀FUNCTION฀ IS฀SHOWN฀AT฀&IGURE฀��฀ FOR฀THE฀ LAST฀DOSING฀CYCLE�฀
IN฀WHICH฀THE฀ FINAL฀CONCENTRATION฀OF฀SILVER฀BROMIDE฀�!G"R	฀WAS฀�����฀
MOL�DM��฀

&IG�฀��฀&LUCTUATION฀IN฀TURBIDITY฀AS฀OPTICAL฀DENSITY฀DURING฀SYNTHESIS฀OF฀
SILVER฀BROMIDE฀CRYSTALS฀SUSPENSION�฀FROM฀SOLUTIONS฀OF฀REACTANTS฀OF฀���฀
MOL�DM�฀CONCENTRATION�฀$EPENDENCE฀WAS฀CALCULATED฀AT฀WAVELENGTHS�฀

����฀����฀����฀���฀AND฀���฀NM�

&IG�฀��฀&LUCTUATION฀IN฀TURBIDITY฀MEASURED฀AT฀���฀NM฀DURING฀SYNTHESIS฀OF฀
SILVER฀BROMIDE฀CRYSTALS฀SUSPENSION�฀FROM฀SOLUTIONS฀OF฀REACTANTS฀OF฀���฀
MOL�DM�฀CONCENTRATION�฀3TRAIGHT฀LINE฀WAS฀FITTED฀TO฀VALUES฀OF฀OPTICAL฀
DENSITY�฀WHICH฀CORRESPONDED฀TO฀�฀SECONDS฀PERIODS฀OF฀STABILIZATION฀OF฀

CRYSTALLIZATION฀CONDITION�฀AFTER฀END฀OF฀FOLLOWING฀DOSING฀CYCLES�฀4HEN�฀THE฀
NUMBER฀AND฀SIZE฀OF฀SILVER฀BROMIDE฀CRYSTALS฀WERE฀ESTABLISHED
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"ASED฀ON฀SPECTRAL฀DEPENDENCES฀OBTAINED�฀CONCENTRATION฀FUNCTIONS฀
WERE฀PLOTTED฀FOR฀A฀NUMBER฀OF฀WAVELENGTHS฀IN฀RANGE฀OF฀���฀TO฀���฀NM฀
�&IG�฀�	�฀AND฀TANGENT฀�TAN	฀WAS฀CALCULATED฀FOR฀THE฀ANGLES฀OF฀INCLINATION�฀
"Y฀2AYLEIGHoS฀THEOREM�฀THE฀VALUES฀DETERMINED฀ARE฀PROPORTIONAL฀TO฀SPE

CIFIC฀TURBIDITY฀ �C�฀SO฀THEY฀SHOULD฀ALSO฀FULFIL฀EQUATION฀��	�฀ IN฀REGARD฀TO฀
THE฀INVERSE฀OF฀THE฀FOURTH฀POWER฀OF฀THE฀WAVELENGTH�฀&IGURE฀�฀ILLUSTRATES฀
2AYLEIGHoS฀ RELATION฀CALCULATED฀ FOR฀ THE฀MENTIONED฀EXAMPLE�฀WHICH฀DE
฀
MONSTRATES฀HIGH฀AFFINITY฀IN฀WAVELENGTH฀RANGE฀OF฀���฀TO฀���฀NM�฀)T฀CAN฀
BE฀THEREFORE฀ASSUMED�฀THAT฀THE฀HETEROGENEOUS฀SYSTEMS�฀THIS฀WORK฀IS฀
CONCERNED฀WITH�฀FULFIL฀2AYLEIGHoS฀SCATTERING฀THEOREM�฀AND฀FURTHERMORE�฀
THE฀RESULTS฀OBTAINED฀FROM฀CALCULATIONS฀BASED฀ON฀THIS฀METHOD฀ARE฀SUF

FICIENTLY฀ACCURATE�

5SING฀SILVER฀BROMIDE฀�!G"R	฀CRYSTALS฀SIZE฀MEASUREMENTS฀OBTAINED฀
AFTER฀CYCLES฀��฀��฀AND฀���฀A฀LINEAR฀RELATION�฀POSSESSING฀A฀HIGH฀DETERMINA

TION฀COEFFICIENT฀�2��������	฀WAS฀CALCULATED฀�EQUATION฀�	฀�&IGURE฀��	�

��	

&IG�฀���฀&LUCTUATIONS฀ IN฀SIZE฀OF฀SILVER฀BROMIDE฀CUBIC฀CRYSTALS฀DUR

ING฀SYNTHESIS฀OF฀SILVER฀BROMIDE฀CRYSTALS฀SUSPENSION�฀FROM฀SOLUTIONS฀OF฀
REACTANTS฀OF฀���฀MOL�DM�฀CONCENTRATION�฀3IZE฀OF฀GROWING฀CRYSTALS฀WAS฀
MEASURED฀AFTER฀��฀���฀AND฀��฀PROPORTIONING฀CYCLE�

3UFFICIENT฀CORRELATION฀BETWEEN฀LINEAR฀PARAMETERS฀OF฀EQUATIONS฀��	฀
AND฀ ��	�฀ OBTAINED฀ FOR฀ A฀ CASE฀OF฀ SUSPENSION฀ SYNTHESIS฀ USING฀ REACTANTS฀
SOLUTIONS฀OF฀���฀MOL�DM�฀CONCENTRATION�฀AS฀WELL฀AS฀SIMILARITIES฀BETWEEN฀
CORRESPONDING฀EQUATIONS฀CREATED฀FOR฀THE฀OTHER฀�฀EXPERIMENTS�฀POINTS฀
TO฀A฀HIGHLY฀ STABLE฀ AND฀ FAIRLY฀ REPEATABLE฀CHARACTER฀OF฀ THE฀ INVESTIGATED฀
CRYSTALLISATION฀ PROCESSES�฀ 4AKING฀ INTO฀ ACCOUNT฀ THE฀ ABOVE฀ CONCLUSIONS฀
AND฀ USING฀ THE฀ DESCRIBED฀ SCHEME�฀ A฀ RELATION฀ WAS฀ EVALUATED฀ BETWEEN฀
THE฀SIZE฀OF฀SILVER฀BROMIDE฀CRYSTALS฀�!G"R	฀IN฀THE฀FINAL฀STAGE฀OF฀THE฀SYN

THESIS�฀ AS฀A฀ FUNCTION฀OF฀ THE฀ SPEED฀OF฀ REACTANT฀ INTRODUCTION�฀WHICH฀ IN฀

TURN฀REMAINS฀PROPORTIONAL฀TO฀REACTANTS฀CONCENTRATIONS�฀WHEN฀USING฀A฀
STABILISED฀DOSING฀SYSTEM�฀4HE฀RELATION฀MENTIONED฀ABOVE฀WAS฀BASED฀ON฀
AVERAGE฀DATA฀OBTAINED฀ IN฀A฀NUMBER฀OF฀EXPERIMENTS฀��฀TO฀�	�฀RUN฀ FOR฀
A฀ KNOWN฀CONCENTRATION฀OF฀ REAGENTS฀ IN฀ RANGE฀OF฀ ���฀ TO฀���฀MOL�DM��฀
2ESULTING฀FUNCTION฀WAS฀PLOTTED฀AND฀CAN฀BE฀SEEN฀IN฀&IGURE฀���฀WITH฀EACH฀
PLOTTED฀POINT฀REPRESENTING฀AN฀AVERAGE฀VALUE�฀WHICH฀WERE฀IN฀TURN฀USED฀
TO฀EVALUATE฀EQUATION฀��	฀WITH฀A฀HIGH฀CORRELATION฀FACTOR฀�2��������	฀BY฀
USING฀LINEAR฀REGRESSION��฀

��	

$ESCRIPTION฀OF฀MEASUREMENTS
4HIS฀WORK฀DESCRIBES฀THE฀DEPENDENCE฀OF฀REAGENTS฀DOSING฀INTO฀THE฀

DISPERSIVE฀MIXTURE฀ON฀THE฀SIZE฀OF฀SILVER฀BROMIDE฀CRYSTALS฀OBTAINED�฀2E

SEARCH฀ WAS฀ CONDUCTED฀ USING฀ A฀ SET฀ SYNTHESIS฀ SCHEME�฀ WHILE฀ THE฀ ONLY฀
VARIABLE฀PARAMETER฀WAS฀ REACTANTS฀CONCENTRATION�฀!FTER฀CONDUCTING฀�฀
EXPERIMENTS฀USING฀ARBITRARILY฀CHOSEN฀VALUES฀OF฀REACTANTS฀CONCENTRATION�฀
AN฀AVERAGE฀VALUE฀WAS฀CALCULATED฀FROM฀A฀NUMBER฀OF฀RESULTS฀DESCRIBING฀
THE฀DEPENDENCE฀OF฀ SILVER฀BROMIDE฀ �!G"R	฀ CRYSTALS฀ SIZE�฀ PRODUCED฀ IN฀

&IG�฀��฀฀&LUCTUATIONS฀IN฀SIZE฀OF฀SILVER฀BROMIDE฀CUBIC฀CRYSTALS฀DURING฀
SYNTHESIS฀OF฀SILVER฀BROMIDE฀CRYSTALS฀SUSPENSION�฀FROM฀SOLUTIONS฀฀

OF฀REACTANTS฀OF฀���฀MOL�DM�฀CONCENTRATION

&IG�฀��฀3PECTRAL฀DEPENDENCE฀OF฀OPTICAL฀DENSITY฀OF฀SILVER฀BROMIDE฀SUS

PENSION฀MEASURED฀FOR฀SUCCESSIVE฀DISSOLUTIONS฀OF฀SUSPENSION฀PREPARED฀

AT฀THE฀CONCENTRATION฀REACTANTS฀�฀MOL�DM��฀4HE฀PROCESS฀OF฀SYNTHESIS฀
SUSPENSION฀WAS฀CARRIED฀OUT฀THROUGHOUT฀��฀CYCLES

&IG�฀��฀#ONCENTRATION฀CURVES฀OF฀SILVER฀BROMIDE฀CRYSTALS฀SUSPENSION฀
CALCULATED฀AT฀THE฀WAVELENGTH�฀����฀����฀���฀AND฀���฀NM

&IG�฀��฀4HE฀2AYLEIGHoS฀EQUATION฀EXPRESSED฀BY฀RELATION฀BETWEEN฀SPECIFIC฀
TURBIDITY฀AND฀�� �

&IG�฀���฀&LUCTUATIONS฀IN฀SIZE฀OF฀SILVER฀BROMIDE฀CUBIC฀CRYSTALS฀DURING฀
SYNTHESIS฀OF฀SILVER฀BROMIDE฀CRYSTALS฀SUSPENSION�฀FROM฀SOLUTIONS฀OF฀

REACTANTS฀OF฀���฀MOL�DM�฀CONCENTRATION�฀3IZE฀OF฀GROWING฀CRYSTALS฀WAS฀
MEASURED฀AFTER฀��฀���฀AND฀��฀PROPORTIONING฀CYCLE
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THE฀FINAL฀STAGE฀OF฀THE฀SYNTHESIS�฀ON฀MOLAR฀CONCENTRATION฀OF฀REACTANTS�฀
4HIS฀RELATION฀WAS฀ILLUSTRATED฀ON฀&IGURE�฀��฀AND฀WRITTEN฀AS฀EQUATION฀��	�฀
WHICH฀DEMONSTRATES฀HIGH฀ LINEAR฀CORRELATION฀ IN฀ THE฀TESTED฀CONCENTRA

TION฀RANGE�฀AND฀MAY฀SERVE฀AS฀A฀BASIS฀FOR฀DESIGNING฀EXPERIMENTS฀USING฀
VALUES฀FROM฀DIFFERENT฀RANGES�฀5SING฀THE฀TECHNIQUES฀USED฀FOR฀MEASURING฀
INSTANTANEOUS฀CRYSTALS฀SIZE฀DURING฀SUSPENSION฀SYNTHESIS�฀IT฀WAS฀POSSIBLE฀
TO฀ASCERTAIN฀THE฀SIZE฀OF฀CRYSTALS฀AT฀ALMOST฀ANY฀GIVEN฀MOMENT�฀EXCEPT฀
FOR฀THE฀INITIAL�฀THERMODYNAMICALLY฀UNSTABLE฀PERIOD�฀GENERALLY฀ASSIGNED฀
TO฀THE฀FIRST฀THREE฀REAGENTS฀DOSING฀CYCLES�

4HE฀RELATION฀PRESENTED฀SHOWS฀THAT฀THE฀USE฀OF฀REACTANTS฀SOLUTIONS฀
OF฀CONCENTRATIONS฀LARGER฀THAN฀���฀MOL�DM�฀RESULTS฀IN฀SUCH฀A฀RAPID฀SIL

VER฀BROMIDE฀CRYSTALS฀GROWTH�฀THAT฀AFTER฀FINISHING฀ALL฀��฀DOSING฀CYCLES�฀
CRYSTALS฀SIZES฀EXCEED฀���฀NM�฀4HEREFORE�฀TO฀PRODUCE฀SILVER฀BROMIDE฀
SUSPENSIONS฀SUITABLE฀AS฀SUBSTRATES฀TO฀SYNTHESISE฀SOLS฀OF฀NANOSTRUCTURAL฀
SILVER�฀IT฀IS฀PREFERENTIAL฀TO฀USE฀REAGENTS฀OF฀CONCENTRATIONS฀NO฀LARGER฀THAN฀
���฀MOL�DM��฀/BTAINING฀MORE฀SUBTLE฀SILVER฀BROMIDE฀CRYSTALS฀ SUSPEN

SIONS�฀OF฀ SMALLER฀ FINAL฀CRYSTALS฀ SIZE�฀ I�E�฀ SMALLER฀ THAN฀��฀NM�฀REQUIRES฀
REAGENT฀SOLUTION฀OF฀CONCENTRATIONS฀NOT฀EXCEEDING฀���฀MOL�DM��฀/NE฀
SUBSTANTIAL฀DRAWBACK฀OF฀USING฀DILUTED฀REAGENTS฀SOLUTIONS฀IS฀THE฀FACT�฀THAT฀
AT฀THE฀END฀OF฀THE฀PROCESS฀ONLY฀A฀SMALL฀CONCENTRATION฀OF฀SILVER฀BROMIDE฀IN฀
THE฀SUSPENSION฀IS฀OBTAINED�฀4HIS�฀IN฀TURN�฀HINDERS฀OBTAINING฀HIGHLY฀CON

CENTRATED฀SILVER฀SOLS�฀MORE฀INTERESTING฀FROM฀THE฀TECHNICAL฀STANDPOINT�

4HE฀FINAL฀CONCENTRATION฀OF฀SILVER฀BROMIDE฀PRESENT฀ IN฀THE฀SUSPEN

SIONS฀PREPARED฀USING฀THE฀ASSUMED฀SCHEME�฀CAN฀BE฀CALCULATED฀USING฀THE฀
APPROXIMATED฀EQUATION฀��	�฀WHICH฀IS฀A฀FUNCTION฀OF฀TWO฀TECHNICAL฀PARAM

ETERS฀OF฀THE฀SYNTHETIC฀PROCESS�฀MOLAR฀CONCENTRATION฀OF฀REAGENTS�฀#2฀AND฀
THE฀NUMBER฀OF฀FINISHED฀DOSING฀CYCLES�฀.�฀LARGER฀THAN฀��

��	

&IGURE฀ ��฀ SHOWS฀ AN฀ EXAMPLE฀ OF฀ SILVER฀ BROMIDE฀ CONCENTRATION฀

CHANGES฀IN฀SUSPENSIONS฀AFTER฀FINISHING฀DOSING฀CYCLES฀��฀��฀AND฀���฀EVALU

ATED฀AS฀A฀FUNCTION฀OF฀CONCENTRATION฀OF฀REAGENTS฀USED฀IN฀THE฀SYNTHESIS�฀
3IMPLE฀CALCULATIONS฀USING฀EQUATION฀��	฀LEAD฀US฀TO฀BELIEVE�฀THAT฀THE฀SAME฀
FINAL฀CONCENTRATIONS฀OF฀SILVER฀BROMIDE฀IN฀SUSPENSIONS฀MAY฀BE฀OBTAINED฀
BY฀USING฀REACTANT฀SOLUTIONS฀OF฀DIFFERENT฀CONCENTRATIONS฀AND฀INTERRUPTING฀
THE฀SYNTHESIS฀IN฀A฀GIVEN฀DOSING฀CYCLE�฀)T฀HAS฀TO฀BE฀CONSIDERED�฀HOWEVER�฀
THAT฀BOTH฀ SUCH฀ CASES฀ ARE฀ CRYSTALLISATION฀PROCESSES฀ IN฀DIFFERENT฀PHYSI

COCHEMICAL฀CONDITIONS�฀WHICH฀RESULTS฀DIRECTLY฀IN฀DIFFERENT฀PARTICLE฀SIZE฀
DISTRIBUTIONS฀OF฀CREATED฀SUSPENSIONS�

!NALYSING฀THE฀PRECIPITATION฀PROCESS฀OF฀SPARINGLY฀SOLUBLE฀SILVER฀BRO

MIDE฀FROM฀SOLUTIONS฀OF฀SOLUBLE฀SALTS�฀OTHER฀FACTORS�฀SO฀FAR฀NOT฀INCLUDED�฀
THAT฀ INFLUENCE฀PARTICLE฀SIZE฀DISTRIBUTIONS฀OF฀FORMING฀CRYSTALS�฀COME฀TO฀
MIND�฀4HOSE฀MOST฀IMPORTANT฀INCLUDE�฀SPEED฀OF฀MASS฀EXCHANGE฀IN฀VO
฀
LUME฀OF฀THE฀REACTION฀MIXTURE�฀PRESENCE฀OF฀FACTORS฀INCREASING฀SILVER฀BRO

MIDE฀SOLUBILITY�฀IONIC฀STRENGTH฀OF฀REACTION฀MIXTURE�฀SOLUTIONS฀VISCOSITY�฀
SURFACE฀ TENSION�฀ PRESENCE฀ OF฀ PROTECTIVE฀ COLLOIDS�฀ ETC�฀ (OWEVER�฀ THE฀
MAIN฀FACTOR฀INFLUENCING฀THE฀SPEED฀OF฀SOLID฀PHASE฀CREATION฀REMAINS฀THE฀
SOLUBILITY฀OF฀ THE฀ SPARINGLY฀ SOLUBLE฀ SALT฀ AND฀ IToS฀ SUPERSATURATION฀ IN฀ THE฀
REACTION฀MIXTURE�฀)T฀IS฀KNOWN฀THAT฀THE฀SPEED฀OF฀CRYSTAL฀SEEDS฀FORMATION฀
IS฀A฀FUNCTION฀OF฀ENERGY�฀CONNECTED฀WITH฀THE฀CREATION฀OF฀A฀NEW฀SURFACE฀
AND฀ IS฀AN฀EXCEPTIONALLY฀STEEP฀ FUNCTION฀OF฀SOLUTION฀SUPERSATURATION�฀ )T฀
CAN฀BE฀THUS฀ASSUMED�฀THAT฀THE฀SPEED฀OF฀SEEDS฀FORMATION฀IS฀LARGE฀UNDER฀
CONDITIONS฀OF฀HIGH฀SUPERSATURATION�฀AND฀THEN฀RAPIDLY฀DECREASES฀DUE฀TO฀
DECREASING฀SUPERSATURATION�฀RESULTING฀DIRECTLY฀FROM฀SOLID฀PHASE฀FORMA

TION฀;��=�

)N฀CONDITIONS�฀IN฀WHICH฀ULTRA฀FINE
CRYSTALLINE฀SUSPENSIONS฀ARE฀FORMED�฀
THE฀PROCESS฀IS฀FURTHER฀MADE฀MORE฀COMPLICATED�฀DUE฀TO฀THE฀FACT�฀THAT฀
SILVER฀BROMIDE฀IS฀FORMED฀BY฀A฀DOUBLE฀DISPLACEMENT฀REACTION฀BETWEEN฀
POTASSIUM฀BROMIDE฀�+"R	฀AND฀SILVER฀NITRATE฀ �!G./�	�฀$URING฀MIXING฀
OF฀ HIGHLY฀ CONCENTRATED฀ REAGENT฀ SOLUTIONS�฀ LARGE฀ DIFFERENCES฀ BETWEEN฀
SUBSTRATES฀CONCENTRATIONS฀EXIST�฀CREATING฀VARIED฀VALUES฀OF฀SUPERSATURA

TION฀ IN฀ THE฀ REACTION฀ ENVIRONMENT�฀ 4HE฀ MECHANISM฀ OF฀ THE฀ FORMATION฀
OF฀THERMODYNAMICALLY฀STABLE฀CRYSTAL฀SEEDS฀IS฀ALSO฀FURTHER฀MADE฀MORE฀
COMPLICATED�฀DUE฀TO฀MASS฀DEPOSITION฀ON฀EXISTING฀CRYSTAL฀SEEDS฀BEING฀A฀
NONISOTROPIC฀PROCESS�

!T฀THE฀MOMENT฀OF฀REACHING฀THEORETICAL฀EQUILIBRIUM�฀IN฀WHICH฀CRYS

TAL฀SEEDS฀SIZE฀IS฀EQUAL฀TO฀OR฀LARGER฀THAN฀CRITICAL฀SIZE�฀A฀CERTAIN฀NUMBER฀
OF฀ THERMODYNAMICALLY฀ STABLE฀ SEEDS฀ IS฀ FORMED฀ 
฀ SUCH฀ SEEDS฀ CONTINUE฀
TO฀GROW฀AS฀CRYSTALS�฀7AGNERoS฀EQUATION฀DEMONSTRATES฀THE฀NUMBER฀OF฀
CRYSTAL฀SEEDS฀฀NORMALISED฀ACCORDING฀TO฀VOLUME฀;��
��=�

��	

WHERE�
+฀ –฀ CONSTANT฀OF฀VARIOUS฀VALUES�฀DEPENDING฀ON฀CRYSTAL฀SEEDING฀MODEL฀฀

฀฀ ASSUMED�฀+������ ฀FOR฀+LEIN฀AND฀-OISARoS฀MODEL฀;��=�฀+�����฀
฀฀ � ฀FOR฀A฀MODEL฀DESCRIBED฀BY฀+HARITANOVA฀AND฀OTHERS฀;��=฀AND฀฀
฀฀ +�������� ฀FOR฀A฀MODEL฀PROPOSED฀BY฀3UGIMOTO฀;��=�

3฀ –฀ SPEED฀OF฀REACTANTS฀INTRODUCTION�฀;MOL⋅M
�
⋅S
�=�

2฀ –฀ GAS฀CONSTANT�฀;*⋅+
�
⋅MOL
�=�

4฀ –฀ ABSOLUTE฀TEMPERATURE�฀;+=�
฀ –฀ SURFACE฀TENSION฀ON฀THE฀PHASES฀BOUNDARY�฀;*⋅M
�=�

$฀ –฀ DIFFUSION฀COEFFICIENT�฀;M�
⋅S
�=�

6M฀ –฀ MOLAR฀VOLUME�฀;DM�
⋅MOL
�=�

# ฀ –฀ SILVER฀BROMIDE฀SOLUBILITY�฀;MOL⋅DM
�=�
"Y฀ANALYSING฀THIS฀EQUATION�฀WE฀CAN฀SEE฀THAT฀THE฀NUMBER฀OF฀THERMO


DYNAMICALLY฀STABLE฀SEEDS฀IS฀DIRECTLY฀PROPORTIONAL฀TO฀THE฀SPEED฀OF฀REAC

TANT฀INTRODUCTION฀�CONCENTRATION฀OF฀SUBSTRATES฀SOLUTIONS	฀AND฀INVERSELY฀
PROPORTIONAL฀TO฀INTERPHASAL฀SURFACE฀TENSION�฀DIFFUSION฀COEFFICIENT฀OF฀SUB

STRATES�฀SOLUBILITY฀OF฀THE฀SOLID฀PHASE฀AND฀MOLAR฀VOLUME�฀)T฀MAY฀SEEM�฀
DUE฀TO฀TEMPERATURE฀TERM฀BEING฀PRESENT฀IN฀THE฀NUMERATOR฀OF฀7AGNERoS฀
EQUATION฀THAT฀ITS฀INCREASE฀SHOULD฀RESULT฀IN฀THE฀INCREASE฀OF฀THE฀NUMBER฀
OF฀STABLE฀CRYSTAL฀SEEDS�฀)N฀PRACTICE�฀HOWEVER�฀THE฀INVERSE฀DEPENDENCE฀
IS฀OBSERVED฀DUE฀TO฀DRASTIC฀CHANGES฀OF฀PARAMETERSo฀VALUES฀PRESENT฀IN฀THE฀

&IG�฀���฀2ELATION฀BETWEEN฀THE฀AVERAGE฀SIZE฀OF฀SILVER฀BROMIDE฀CUBIC฀
CRYSTALS฀IN฀THE฀FINAL฀STAGE฀OF฀THE฀SYNTHESIS�฀AS฀A฀FUNCTION฀OF฀THE฀SPEED฀OF฀
REACTANT฀INTRODUCTION�฀WHICH฀IN฀TURN฀REMAINS฀PROPORTIONAL฀TO฀REACTANTS฀
CONCENTRATIONS�฀WHEN฀USING฀A฀STABILISED฀DOSING฀SYSTEM�฀-EASUREMENT฀

WAS฀MADE฀IN฀THE฀END฀OF฀SYNTHESIS฀PROCESS

&IG�฀���฀฀3ILVER฀BROMIDE฀CONCENTRATION฀CHANGES฀IN฀SUSPENSIONS฀AFTER฀
FINISHING฀DOSING฀CYCLES฀��฀��฀AND฀���฀EVALUATED฀AS฀A฀FUNCTION฀OF฀CONCEN

TRATION฀OF฀REAGENTS฀USED฀IN฀THE฀SYNTHESIS�฀4HE฀SUSPENSION฀WAS฀PREPARED฀

AT฀THE฀CONCENTRATION฀REACTANTS฀�฀MOL�DM�
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NUMERATOR฀OF฀THIS฀EQUATION�฀MAINLY฀THE฀DIFFUSION฀COEFFICIENT�฀INTERPHASAL฀
SURFACE฀TENSION฀AND฀SOLID฀PHASE฀SOLUBILITY�฀#ONSEQUENTLY�฀THE฀LOWERING฀
OF฀THE฀TEMPERATURE฀OF฀THE฀SEEDING฀PROCESS฀IS฀BENEFICIAL฀TO฀THE฀INCREASING฀
NUMBER฀OF฀STABLE฀CRYSTAL฀SEEDS฀WITH฀THE฀SIMULTANEOUS฀LOWERING฀OF฀THEIR฀
SIZE�฀4HESE฀FINDINGS฀WERE฀USED฀IN฀PRACTICE฀OF฀THE฀EXPERIMENTS฀UNDER

TAKEN�฀CONDUCTING฀RESEARCH฀AT฀THE฀TEMPERATURE฀OF฀��/#�฀

#ONCLUSIONS
!NALYSING฀ THE฀ RESULTS฀ STEMMING฀ FROM฀7AGNERoS฀ EQUATION฀ AND฀ IN


CLUDING฀RELATIONS฀ILLUSTRATED฀ON฀&IGURES฀��฀AND฀��฀IN฀FURTHER฀DISCOURSE�฀
LET฀US฀FORMULATE฀CONCLUSIONS�฀WHICH฀LEAD฀US฀TO฀STATE�฀THAT฀OBTAINING฀UL

TRA฀FINE฀CRYSTAL฀SUSPENSIONS฀OF฀SILVER฀BROMIDE฀OF฀POSSIBLY฀THE฀SMALLEST฀
CRYSTALS฀SIZE฀REQUIRES฀THE฀USE฀OF฀SUFFICIENTLY฀DILUTED฀REAGENTS฀SOLUTIONS�฀
)N฀SUCH฀CONDITIONS฀SILVER฀BROMIDE฀SOLUBILITY฀ IN฀THE฀CRYSTALLISATION฀ME

DIUM฀IS฀APPROPRIATELY฀SMALL�฀WHICH฀FAVOURS฀THE฀FORMATION฀OF฀RELATIVELY฀
SMALL�฀STABLE฀CRYSTAL฀SEEDS�฀WHICH฀IN฀LATTER฀STAGES฀OF฀SYNTHESIS฀GROW฀TO฀
A฀SIZE฀SET฀BY฀THE฀NUMBER฀OF฀DOSING฀CYCLES�฀)N฀TURN�฀USING฀CONCENTRATED฀
REACTANT฀SOLUTIONS฀RESULTS�฀EVEN฀DURING฀A฀FEW฀FIRST฀DOSING฀CYCLES�฀IN฀AN฀
INCREASE฀IN฀SILVER฀BROMIDE฀SOLUBILITY฀IN฀THE฀CRYSTALLISATION฀MEDIUM�฀SUF

FICIENT฀ENOUGH�฀THAT�฀ACCORDING฀TO฀7AGNERoS฀EQUATION�฀THE฀NUMBER฀OF฀
STABLE฀CRYSTAL฀SEEDS฀DECREASES�฀WHICH฀IN฀TURN฀RESULTS฀IN฀THE฀SIGNIFICANT฀
INCREASE฀OF฀SEED฀SIZE�฀)N฀CONSECUTIVE฀STAGES฀OF฀SYNTHESIS฀THEY฀INCREASE฀
TO฀A฀SIZE฀SET฀BY฀THE฀NUMBER฀OF฀DOSING฀CYCLES�฀WHERE฀THE฀GROWTH฀SPEED฀
IS฀ SMALLER฀ IN฀ THE฀CASE฀OF฀ THE฀ LARGER฀CRYSTAL฀ SEEDS฀ THAN฀ IN฀ THE฀CASE฀OF฀
SMALLER฀ONES�

4HE฀TESTS฀OF฀LONG฀TERM฀STABILITY฀OF฀SILVER฀BROMIDE฀SUSPENSIONS฀STORED฀
IN฀GEL฀FORM฀AT฀TEMPERATURE฀LOWERED฀TO฀�/#฀YIELDED฀IMPORTANT฀CONCLU

SIONS�฀THE฀PRACTICAL฀APPLICATION฀OF฀WHICH฀ALLOWS฀FOR฀STORING฀THE฀OBTAINED฀
SUSPENSIONS฀AS฀GELATINE฀BASED฀GELS�฀WITHOUT฀SIGNIFICANT฀INCREASES฀IN฀CRY
฀
STALS฀SIZES��฀4HE฀STORAGE฀OF฀GELS฀CONTAINING฀POST
SYNTHETIC฀POTASSIUM฀NI

TRATE�฀THE฀MOLAR฀CONCENTRATION฀OF฀WHICH฀IS฀EQUAL฀TO฀THE฀CONCENTRATION฀OF฀
SILVER฀BROMIDE�฀THE฀MORE฀FAVOURS฀/STWALD฀RECRYSTALLISATION�฀THE฀LARGER฀
THE฀CONCENTRATION฀IS�฀4HE฀DIRECT฀REASON฀FOR฀UNDERGOING฀RECRYSTALLISATION฀
฀IN฀THE฀STORED฀GEL฀IS฀THE฀SO
CALLED฀SALT฀EFFECT�฀IN฀WHICH฀INCREASED฀SOLUBI

LITY฀OF฀SILVER฀BROMIDE฀RESULTS฀FROM฀THE฀PRESENCE฀OF฀POTASSIUM฀NITRATE�฀
)N฀ THIS฀ CASE฀ SILVER฀BROMIDE฀CRYSTALS฀ GROWTH฀ IS฀ RAPID฀ENOUGH�฀EVEN฀AT฀
DECREASED฀ TEMPERATURE�฀ THAT฀ SUCH฀ STORAGE฀METHODS฀ARE฀NOT฀ RECOM

MENDED�฀IT฀IS฀FURTHER฀ADVISED฀TO฀REMOVE฀UNNECESSARY฀SALTS฀AS฀QUICKLY฀AS฀
POSSIBLE�฀PREFERABLY฀SOON฀AFTER฀THE฀SYNTHESIS�฀)N฀CASE฀OF฀THE฀GELS฀RINSED฀
AND฀STABILISED฀BY฀BROMIDE฀IONS฀TO฀THE฀MINIMUM฀SILVER฀BROMIDE฀SOLUBI
฀
LITY฀VALUE�฀AFTER฀��฀��฀AND฀��฀DAYS฀IN฀STORAGE฀NO฀SIGNIFICANT�฀LARGER฀THAN฀
A฀FEW฀PERCENT฀CRYSTALS฀SIZE฀INCREASE฀HAS฀BEEN฀RECORDED�฀INDEPENDENTLY฀
OF฀CONCENTRATION�฀4O฀PROTECT฀THE฀GELATINE฀FROM฀HARMFUL฀BACTERIA�฀DUR

ING฀STORAGE฀ IN฀THE฀FREEZER�฀ IT฀WAS฀PRESERVED฀BY฀ADDITION฀OF฀PHENOL฀AT฀฀
����฀G฀PER฀�฀DM�฀OF฀SUSPENSION�฀

5SING฀ULTRA฀FINE
CRYSTALLINE฀SUSPENSIONS฀OF฀SILVER฀BROMIDE฀AS฀A฀SUB

STRATE฀FOR฀OBTAINING฀SOLS฀OR฀NANOSOLS฀OF฀SILVER฀MAY฀ONLY฀FIND฀USE�฀WHEN฀
CRYSTALS฀OF฀!G"R฀TO฀BE฀OBTAINED฀DO฀NOT฀EXCEED฀���฀NM฀IN฀SIZE�฀MEAN

ING฀REACTANT฀CONCENTRATION฀OF฀LESS฀THAN฀���฀MOL�DM��฀/BTAINING฀MORE฀
SUBTLE฀SILVER฀BROMIDE฀CRYSTALS฀SUSPENSIONS�฀OF฀SMALLER฀FINAL฀CRYSTALS฀SIZE�฀
I�E�฀ SMALLER฀ THAN฀��฀NM�฀REQUIRES฀REAGENT฀SOLUTION฀OF฀CONCENTRATIONS฀
NOT฀EXCEEDING฀���฀MOL�DM��฀(OWEVER�฀ONE฀DRAWBACK฀OF฀USING฀SUCH฀A฀
METHOD฀IS฀THE฀OBTAINING฀OF฀SUSPENSIONS฀OF฀LOW฀FINAL฀SILVER฀BROMIDE฀CON

CENTRATION�฀WHICH�฀IN฀TURN�฀MAKES฀THE฀PRODUCTION฀OF฀CONCENTRATED฀SOLS฀
OF฀SILVER�฀MORE฀INTERESTING฀FROM฀THE฀TECHNICAL฀STANDPOINT�฀DIFFICULT�
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